Transitionmetal-oxo centers in zeolites are known to be active in the conversion of methane to methanol. Here we study this reaction over Fe-oxo sites in the zeolite SSZ-13. By comparing calculations for the fully periodic structure and a cluster for two different methods, the standard van der Waals corrected semi-local density functional PBE-D2 and ACFDT-RPA, a method where correlation is calculated fully non-locally, we find that it is actually the confining environment in the zeolite that reduces the barrier for this reaction by more than 50 % and that the two applied methods lead to qualitatively different results.
exchanged zeolites, 9,10 which show activity for the formation of methoxy species bound to the active sites at low temperature. Critical steps when applying these catalysts are the creation and regeneration of the active sites and the extraction of methanol. Most of the experiments have been performed in a stepwise procedure, where first the active site is created under high O 2 pressures at elevated temperatures, then methane is activated at lower temperatures and finally methanol is extracted by introducing water. 7 Only most recently a fully catalytic process using O 2 to regenerate the active sites has been reported. 11 Interestingly, Cu-and Fe-sites in different zeolite structures are able to catalyze this reaction at low temperatures, [5] [6] [7] [8] [9] [10] while similar active sites in other materials lead to less favorable properties. Therefore it is a natural assumption that not only the structure and stoichiometry, but also the confining environment of the active sites plays a critical role.
Confinement effects in zeolite catalysis have been studied in the context of a variety of reactions, such as alkane activation, 13,14 the conversion of methanol to dimethyl ether 15 or the conversion of biomass. 16, 17 Early ideas about these confinement effects include (i) diffusional restrictions for molecules accessing the active sites, (ii) geometric constraints for transition states and (iii) diffusional restrictions for products. [18] [19] [20] While all these phenomena qualitatively explain an increase in selectivity, they are not able to quantitatively capture the influence of confinement on the reaction rate. Based on ideas about separating activation energies into contributions from the molecular adsorption process, and to the catalytic reaction itself, 21, 22 research has more recently focused on quantifying the impact of confinement by separating entropy and enthalpy contributions to the two components. 14,23 As Gounder and Iglesia pointed out, 14 due to the temperature dependence of the Gibbs Free Energy, the effect of confinement on activation enthalpies will be dominant at the low temperatures encountered in the conversion of methane to methanol. While it is possible to measure apparent reaction barriers experimentally, theory is a key tool to provide an atomistic understanding of each reaction step. However, the accurate description of chemical and non-local interactions between reactant molecules and the zeolite lattice is still challenging for most commonly for the deprotonation of tert-butyl cations in protonated zeolites.
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In this work we study the impact of different levels of electronic structure theory on the description of the conversion of methane to methanol over Fe-oxo centers in zeolites. We focus on two different methods, PBE-D2 26,27 and the Adiabatic-Connection FluctuationDissipation Theorem in its Random-Phase Approximation (RPA). 28 While the former is a widely used standard semi-local Generalized Gradient Approximation functional with empirical dispersion corrections, the latter one is a high-level electronic structure method with a non-local treatment of correlation. Both methods have successfully been applied to model the adsorption of short alkanes in zeolites. 24 By understanding the similarities and differences between them, we find that confinement lowers the activation energy for this reaction by more than 50% and that the application of RPA as a high-level theory leads to qualitatively different results from most commonly used methods.
For the zeolite support we choose SSZ-13, which serves as a model system in understanding zeolite catalysis. It is a zeolite in the chabazite structure, which has the smallest primitive unit cell, and therefore allows the application of high-level methods in fully periodic calculations at a reasonable cost. 24 In this unit cell the Fe-oxo group is located in the six ring of the structure , where two Si atoms are substituted by Al on the opposite sides of the ring as displayed on the left hand side of Fig. 2 Two possible pathways have been suggested for the conversion of methane-to-methanol, namely the rebound mechanism 32,33 and a concerted mechanism. 34 As displayed in Scheme 1, the rebound mechanism is a two-step process where initially one H-atom is abstracted from CH 4 , before the C-O bond is formed, while the concerted mechanism only contains one 4 reaction step and transition state. As we were not able to find a possible concerted path, in agreement with other reports in the literature, 30 we focus on the rebound mechanism. All the structural details are given in Fig. 1 and we will only briefly discuss the most important features in the text. For adsorption of methane a straight Fe-O-C angle has been suggested in previous studies in zeolites. 30 However, we find a strongly tilted geometry with an Fe-O-C angle of about 145 6 about 8 kJ/mol needs to be overcome for the second transition state. The total reaction is highly exothermic with an energy gain of more than 150 kJ/mol for the adsorbed methanol compared to the initially adsorbed methane molecule. At this point it is necessary to point out that the effective barrier, combining the first and second TS is 26 kJ/mol.
To calculate RPA energies we rely on PBE-D2 input geometries. However, to arrive at a better guess for the hydrogen abstraction transition state, we performed a nudged elastic band calculation between the initial state and the reaction intermediate at PBE-D2 level and subsequently calculated RPA energies for each of these structures (see Fig. S2 in the Supporting information). This allows a structural optimization along the reaction coordinate, i.e. a change in the C-H-O distances, with the other coordinates still being optimized at GGA-level. In this approach we assume that errors in the other coordinates, caused by using PBE-D2 input geometries, cancel out. With this method we find a significantly earlier transition state for hydrogen abstraction (see Fig. 1 B) , even though the barrier is with 24 kJ/mol very similar to that with PBE-D2. However, the energy profile changes dramatically when studying the intermediate, where we find a strong stabilization with RPA, compared to PBE-D2. We then applied to the rebound transition state an approach similar to the one described previously for the hydrogen abstraction transition state, but did not find any structural changes. The energetic barrier is with 3 kJ/mol even smaller than that for PBE-D2. Finally, the stabilization of the adsorbed methanol is with 240 kJ/mol far stronger for RPA than for PBE-D2. While understanding a possible loss in error-cancellation is tricky, due to the complexity of the potential energy surface, one possible strategy to elucidate the impact of confinement is to find a comparable system where the impact from confinement is eliminated. We follow this strategy by constructing a cluster containing only six T-sites, and the respective OH terminations (displayed on the right hand side of Fig. 2 ) for all the different structures.
This cluster is the smallest one possible that allows a similar chemical environment for the active site compared to the fully periodic framework. To minimize problems with the Htermination we then only optimize the structures of the terminal H-atoms and place this cluster in a 11Å x 11.5Å x 13Å orthorombic unit cell shown on the right hand side in Table S1 in the Supporting Information.
The energies for both methods change significantly compared to the calculations for the periodic structure (see right hand side of Fig. 2 ). For the cluster, the activation energy increases to about 60 kJ/mol for both methods, and again, the intermediate is stabilized
significantly stronger for RPA than for PBE-D2. However, compared to fully periodic calculations, they are more than 40 kJ/mol higher in energy, a trend that is also seen for the rebound transition state. Interactions between molecule and cavity wall seem to stabilize the intermediate structure significantly stronger than the second transition state, which leads to a lower energy for this TS in the cluster calculations. Again the reaction is highly exothermic, but energies are 60-80 kJ/mol higher than for the periodic structures. These large energetic differences clearly show that confinement effects indeed stabilize the reaction intermediates and products in zeolites by 40-80 kJ/mol and lower the observed effective reaction barriers by more than 50% for the given structures.
In the past, confinement effects have been attributed to electrostatic interactions due to static dipole moments as well as dispersion forces. 13, 14 Already when analyzing the energetics at PBE level (i.e. without the -D2 correction, see supporting information Table S2 ), we find, Figure 2 : Reaction energetics for the rebound mechanism in methane to methanol conversion calculated at PBE-D2 (red line) and RPA level (blue line) for the periodic structure (left hand side) and a minimal cluster (right hand side). The intermediate structure is stabilized significantly for RPA. For both systems we find a significant stabilization for the transition states, intermediate structure and methanol when moving from PBE-D2 to RPA. Furthermore, the large energy differences between fully periodic and cluster calculations show an important impact of confinement on this reaction. The color code for the structural models and the structures corresponding to A-F are given in Fig. 1 .
9 compared to PBE-D2, similar relative stabilities of the different reaction intermediates and products in periodic calculations and for the cluster models. Combined with a Bader charge analysis, that shows that the charges located at the C and H atoms as well as the Fe-oxo group change significantly along the reaction pathway (see supporting information Figure   S3 ), this indicates that confinement influences the reaction energetics mainly due to changes in electrostatic interactions along the reaction path between the multipole moments of the Fe-oxo-adsorbate complex and the cavity walls.
At the same time the energies are still significantly different between the two methods RPA and PBE-D2 for the cluster model. Since the confining environment has mainly been eliminated in the cluster calculations, a large part of these differences must be related to differences in describing the chemical interactions between the molecule and the active site.
Similar conclusions have been reached by Tuma et al., who compared PBE-D2 and MP2
reaction pathways for the deprotonation of tert-butyl to isobutane and its conversion into surface alkoxides. 25 They concluded that it was not possible to capture the full complexity of interactions using an approach as simple as PBE-D2, since it does not include the selfinteraction correction. When now comparing fully periodic and cluster calculations we only find minor differences in energy changes for the different applied electronic structure methods, which might be related in the differences in describing van der Waals interactions between them.
At the same time it is important to mention that the barriers for both reaction steps barriers for the more tightly confined site were lower. This could also be due to the differences in adsorption enthalpies. However, comparing these barriers to computational data from Bučko and Hafner 36 for propane and extrapolating it to methane, shows, that the differences in adsorption enthalpies between the narrower 8-ring and wider 12-ring channels are too small to be fully responsible for this effect.
In this work we studied the reaction energy profiles for methane-to-methanol conversion over Fe-oxo sites in the SSZ-13 zeolite at different levels of theory. By comparing calculations for the fully periodic structure to cluster calculations we were able to arrive at three conclusions: (i) in this reaction, confinement stabilizes all transition states, the reaction intermediate and products significantly stronger than the initially adsorbed methane molecule, mainly due to electrostatic effects.
(ii) For this reaction, the key effect of confinement is the stabilization of the intermediate. Since it is stabilized more strongly than the initially adsorbed molecule, a more tight confinement will lead to a lower activation energy. (iii) The applied methods lead to significant, qualitative differences in the observed reaction energetics. These differences are mainly due to differences in the description of the chemical bonding. In the future it will be interesting to see how this work can be used to identify more reliable and efficient methods to describe reactions in zeolites. While fully periodic calculations for larger zeolite structures at the RPA level might still be elusive at this point in time, especially hybrid functional calculations are promising candidates to overcome the problems associated with semi-local DFT calculations and might allow to arrive at a qualitatively correct description of reactions in these systems. Additionally further work is needed in the future to see how the 'proof of concept' of the influence of confinement on the methaneto-methanol conversion can be transferred to other zeolite structures to obtain a detailed 11 understanding of the impact of the pore geometry beyond the system studied in this work.
Computational Setup
All calculations were performed using the Vienna Ab-Initio Simulation Package (VASP), 37, 38 a plane wave code using PAW pseudo potentials, 39 adapted by Joubert and Kresse. 40 All calculations were performed using an energy cut-off for plane waves of 600 eV and were restricted to the Γ-point. As mentioned in the main text calculations were carried out using the PBE-D2 26,27 exchange correlation functional and RPA in the implementation discussed by Harl and Kresse. 28 Structures were optimized using PBE-D2 and forces were considered to be converged if they were smaller than 0.02 eV/Å. Reaction intermediates were optimized using a generalized gradient algorithm. Transition states were identified using a combination of the nudged-elastic band climbing-image 41 and dimer methods. 
Supporting information
An analysis of the energies of different spin states, the detailed energetics for the optimization of the hydrogen abstraction step using RPA, energetics for PBE calculated for the fixed PBE-D2 structures and a Bader charge analysis of the different intermediates are provided in the Supporting Information.
